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Abstract. _ presczltobservational evh:le1_c_,for the g_;nerationof Lailgmllir

e,vclope solitons in the source regions of solar type Ill radio bursts. The solitons

appear to be formed by electron beams which excite either the modulational instability

or oscillatingtwo-stream instability(OTSI). Millisecond data from the Ulysses Unified

Radio and Plasma Wave Experiment (URAP) show that Langmuir waves associated

with type Ill bursts occur as broad intense peaks with time scales ranging from 1.5

to 90 milliseconds (6 -27 kin). These broad fieldstructures have the properties

expected of Langmuir envelope solitons,viz.:the normalized peak energy densities,

I,I,'L/n_T_,,,10-5, axe well above the modulationaJ instabilitythreshold; the spatial

scales,L, which range from I - ,5Langmuir wavelengths, show a high degree of inverse

correlationwith (WL/neT_)I/2; and the observed widths of these broad peaks agree

well with the predicted widths of envelope solitons. We show that the orientation of

the Langmuir fieldstructures israndom with respect to the ambient magnetic field,

indicatingthat they are probably isotropicstructures that have evolved from initially

pancake-like solitons.These observations suggest that strong turbulence processes,such

as the moduli_tional inst_bilitv or the OTS[, stabilize the e[ectron beams that produce

type III bursts.



1. Introduction

The production of solar type [[1 radio emission involves the generation of high

levels of Laagmuir waves and their subsequent conversion into electromagnetic radiation

at L, and 2fp, (fp,. = (n_e2/rrm_) 1/2 is the electron plasma frequency, where e, n_, and

m, are the electron charge, number density, and mass, respectively). Electron beams

propagating outward from the sun amplify Langmuir waves through the bump-on-tail

instability [Bohrn and Gross, 1949] at the resonant frequency WL = kLvb, where kr.

is the wave number of the Langmuir wave, vb is the speed of the electron beam,

,,,,_ = w__ + 3kr._Vr_,2 wv" = 2rrfp,, and YTe is the electron thermal speed. Early theoretical

models describing the injection of electron beams into the solar atmosphere predicted

that excitation of Langmuir waves would extract all the streaming energy from the

electrons within 100 km or less [Sturrock, 1964: Tsytovich, 1970], whereas in situ

detection of type III burst associated Langmuir waves and electron beams [Lin et al.,

1986; Kellogg et al., 1992; Reiner, Fainberg and Stone, 1992; Thejappa et al.. 1993a, b;

Th_jappa. Went:el and Stone. 1995; Thejappa, Stone and Goldstein. 1996: Thejappa and

.llacDowall. 1998] indicate that the electron beams reach 1 Astronomical [_;nit (At;) or

more. Consequently, the beam cannot be in continuous resonance with Langmuir waves

while propagating from the corona to and beyond [ AU. Some process must remove

Langmuir waves from resonance with the beam by, for example, reducing kL through

weak tlzrbulence processes, such as induced scattering or electrostatic decay [see. l(aplan

,i,d l:,.qtocich. [!173] or by increasing _:t. tllrollgh _Ivollg l, ll/'l)lll_'m',' [)roccss,'.s sllch ;-zs

tile'Illodtlla.tiollal iastal>ilil.y or oscillating-two-str¢'alll il_sl:abilil v {()TSl) [I)_tpadol_oulo.,.

(;ol, t._t,_in amt Smith. 1971; Smith. Gold._lrin amt I)op,ulopoulo._. 1979: (;'oldMeill. 5'milh.

,z,.d Papadopoulos, 1979].

lJeam stabilization occurs via weak tm'bulcncc processes, when the rate of removal

of [,augtnuir w_tvcs from resonance with th,, Iwaln cxc_,c_ls the growth r_tl:_, of Lhc

instability. In contrast, th,, waw:pack¢,t._ gem'ral,,'_l by strong t._tl'l_ll,,l_¢'_, exm't a
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Imn_l_,ronmtiw. fi_rc_, on the plasma, making it spatially inhomog¢,'n_,o_l.s, th_zs causiflg

a loss of" coherence and decoupling the wavepacket and beam. In the first application

of strong turbulence theory to the type Ill burst problem, Papadopoulos, Goldstein

and Smith [19741 used the term oscillating two stream instability, or OTS[, to describe

the initial strong turbulence processes that form the small-scale soliton-like structures.

During later stages of evolution, these solitons collapse IZakharoc 1972: :Vichol.son et al.

[978; [t'ello99 et al. 1992; Shapiro and Shevchenko, I984; Robinson 1997].

The linear regime of the OTSI or modulational instability is characterized by the

formation of an envelope soliton which is the envelope of the high frequency Langmuir

waves trapped inside a self-generated density cavity. The envelope soliton is also

referred to as an oscillating soliton [Kuznetsov. Rubenchik and Zakharot,, 19861, because

it contains oscillations of definite frequency and wavelength. The size of the envelope

soliton, which ranges from 1 to several Langmuir wavelengths is determined by the peak

intensity of the trapped waves: the higher the field strength, the narrower the width.

In previous studies, we evaluated the emission mechanisms at fp_ [Thejappa et

a/., 1993a,b/ and at 2fp,. IThejappa. Stone and Gold,stein, 1996] using in situ wave

data associated with several type [II bursts from the Unified Radio and Plasma

Wave Experiment ([:RAP) on Ulysses. Our main emphasis in those studies was to

evaluate various type [[[ emission mechanisms, In the present paper, we reanalyze

the high resolution observations of Langmuir waves that occur ms the /)road int, ellse

ti+'l¢l strttctures with dvtration,_ ranging froln 15 t,_ 90 _tlillisocon<ls. W_, argtl<' rltar

lh_,s_, fi_'ld strtlctures are probably quasi-stabh' [,aJlgtntlir envelop_' soliton.s g_'n_'rated

by tho modulational instability. Our conclusion in base'd on the' ['acl, _hat, the' peak

int_'nsil.ies ar_: well above tho modulationa[ iustal_ilil, y l:hroshohls, l,h_, spatial scab's

(1 - 5 Langmuir wavelengths, ,\c) are consistenl; with the widths computed for _nwolope

solii,ons, anti, nmst importanl;[y, the widths of i.hc's_' mlw'h_p_'s vary illw'rs_'ly wil, ll t.h¢,ir

I_'a.k ilm'llsil, ios.
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For most of the Langmuir waw. broad peaks, the m)rmalize,l energy ([ensit, ies

WL/(n.'['.) are slightly less than or equal to the corresponding values of l]-'/_ '2 where
" " e,' pe _

[).,. -- eB/(m,c) is the electron cyclotron frequency. A careful examination of the data

has revealed that the ambient magnetic field /_ is oriented randomly with respect to

the antenna direction, which is the probable direction of the high resolution events of

Langmuir wave field structures. This implies that even though magnetized Langmuir

waves initially form pancake-like structures with transverse spatial scales S± much

larger than the longitudinal ones (S), i.e., S± >> S, they evolve into more isotropic

structures with S± -,_ S. This isotropization occurs because the perpendicular spatial

scales decrease more rapidly than do the parallel spatial scales so long as the inequality

.2 2 2 ,2
kLA o < D_/_p_ holds IKrasnoselskikh and Sotnikov, 1977]. We also show observations

of weak spectral enhancements of ion acoustic waves at about -,- 100 Hz in association

with the envelope solitons. We discuss the implications of these observations for the

stabilization of the electron beams that excite type III radio bursts.

In section 2. we present the observations. Section 3 contains a solution of Zakharov's

equation (unmagnetized case) in the form of an envelope soliton and compares it with

observations. The magnetized Langmuir waves are shown to form planar solitons that

evolve into isotropic solitons and eventually collapse. In section 4, we discuss the

implications of these observations for type [lI burst beam stabilization and the possible

coexistence of electrostatic decay with mod.tlational instabilities. [n section 5. we

/)I't'Sotlt the COllC]llSiOllS.

2. Observations

We (,oncentrate primarily on three local type [[[ ewmi.s m|d their associated i_,

situ waves, observed by the URAP experiment on l l December 1990. 22 February

1!)!)1 (hh.._tilicd I)y R,:i,.:r. ["amb,'rg a,.t .5"tom'. [1!)!)2]). m.I 7 March l!)91 (identilh.(I

})y 77_,gaplm ,'t al.. [l!)!):|a]). [n ad,liti,)._ t,) a variety of wave tiara fl'olx, 1,}_(' l{adh)



.\.st.roltotuy th'+:eiv<_r (I_..\14), th+, Pla.,,_ma Frequem:y Receiver (I>I"R), the W+w+, Form

Aualyzer (WFA), and the Fast Envelope Sampler (FES) of the [.,'RAP experiment [Stone

et al., 19921, we use magnetic field (t9) data from the fluxgate magnetometer [Balogh el

al., 1992 l, and the electron density (n_), electron temperature (T_), ion temperature (T,),

arm solar wind speed (I,(,,,) data from the Solar Wind Plasma Experiment SWOOPS

(Bame et al., 1992J. These data were provided by the National Space Science Data

Center (NSSDC).

In columns 1, 2 and 3 of Figure 1, we present the peak electric field signals

corresponding to local type III events of December 11, February 22 and March 7,

respectively. The first and second rows show the time profiles of the type III bursts

at -,- 2fp¢ and -,- fp_, respectively, whereas the bottom row shows the corresponding

Langmuir wave electric field signals. It is clear from this figure that the type III burst

time profiles are generally characterized by a steep rise followed by a smooth and

slow decay. Since the second harmonic emissions do not have exactly the same time

development as that of fundamental emissions, it is very likely that the high frequency

electromagnetic emission contains the first as well as the second harmonics. It is clear

from the bottom row that the Langmuir wave electric fields are very bursty in nature.

Their peak amplitudes are 3 to 4 orders of magnitude larger than the respective type

[[[ burst electric field amplitudes. The type Ill burst electric field measurements are

t'rom the R:kR witlt a time resolution of --, t28s +uM a high seusitivity of --- 30nVHz -t/2

at tO l,:l[z. The La.t_gmttir ',v_v.'e data ar,_' from the-' P[:'l'_ wit.It _-tt,itu_' resol,tt.i,.m of ,-,-, t(is

fm_xittutm value iu 16 s windows) amt a t'm_ s+'ttsit.ivity of "-_ 1001t\'Flz -I/_ at: tO k[lz. It.

is _'l_'a.t" fi'otu this figut'e that the intense [,attgn_uir w_wo +u'tivity coitwide.s with the poak

of tim typo [[[ burst emission. [n Table l, w<, list all t'ehwant solar wiud paranmt+.'rs,

.such as the electron density, n,.: the electron temperatur<;, 7'_; the ion temperature, T,;

t.ll<, ._olar willd spe_'tl, _,;,0, and t.he tuagm'l.ic li_'hl, ik

l"iglur<,s 2a, b, aml c show l;he high tinw resoluti,ml .sm+q>shol.:.+t>l' l,+-mgtiittir wave
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_,h,cl, t.ic li<,l,l euv+:lop<_s a,_s<_.i_O:,edwith tJu:' type III b_lt'st,_ or I)<.,.,.tttl_<,t. l l, [9!){).

["ebruary 22, t99t, and March 7, 1991, respectively. These data are obt, a il_ed by the

FES, which is capable of resolving the field structures with time scales as small as

one millisecond (for a detailed description of the instrument, [see Kellogg et el., 1992;

Theissen and Kellogg, 1993]. As seen in Figure 2, the Langmuir wa_'e events show

random fluctuations in the beginning and a broad intense peak in the middle, after

--. 500 milliseconds. Step-like structures are often present during the rising phase of

these broad peaks. The asymmetric shapes and enhanced noise levels during the decay

phase of these events are due to the 32-dB attenuator, activated by the intense central

peak (but cf. panel b). The role of the attenuator is to extend the dynamic range of the

system, i.e., whenever the signal rises to saturation, the attenuator is switched into the

signal stream, which remains connected for the remainder of the event cycle.

We have examined the orientation of the solar wind magnetic fields with respect

to the X-antenna. During most of these FES events, the magnetic field is oriented

randomly with respect to the X-antenna. Because the FES captures the most intense

signals during each 30 minute interval, the observed events probably the electric field

stt'uctures aligned along the antenna direction. This suggests that the Langmuir

wave electric field signals of this study are also oriented randomly with respect to the

magnetic field which implies that the Langmuir envelopes are approximately isotropic.

[tl Fable 2. we present the sututuarv of" these high time reso]ution obset'vatious. These

il_,'ltl_[_': ( 1) th+" peak ele¢tvic tiehl ilat<'tlsiti<'_ o[ tl_' I_t'tm¢l ¢-<,tlr.val [iehl sl:r_,tfJr+'._. /:'a.

'2) the normalized Lat_gmtfir w_',,'e l>_-,ak _'m'rgy ,h'l_sit.io_, It't./(n,.'[',.) = +:,j/-'_./(;2t_ 7',+1

+,_ is (,lie dielectric permittivity of tlw fi'ee spar<'). (3) l.]w ttma.,-;lir_,,[ 0.2-pow_w dut'al, iott

_fl" bt'oad peak, (t0.a) ill nuits o[' milliseconds, (4) I;]l,, 0.2-po,,ver widths of I;he I.>roa_l

t:,eaks, Lo._ = t0..,_L._,,,,and (5) the predicted 0.2-power wiclths of envelope solitons St_.,_

**_b._)+uld ,_tJ (s,,,,, s,','ti,m :1).<'_lh'ltl+tt<'d usialg the obs_'a'vcd (,,,r,,

lu I"igtlr_, 3, t,ht, plot of. the 0.2-power widths o1" l.l',, hm+ul L"I",S i>,m.ks, /.,>..,, v_'rm_s
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r,h¢, _,tuare root of ttw corresponding inverse t_ortttaliz,,d en,:rgy d,+'nsitie._. I(n,+/;,)/ld, LI j/_

is presented. As seen from this figure, Lo._ increases with I(n,.T_)/I, VL]I/_' implying

that the more intense the peak, the narrower the width. We compute the correlation

coefficient in this case as .-- 0.9. Such an excellent correlation indicates that these

observed field structures most probably correspond to Langmuir wave fields trapped

inside self-generated density cavities.

In Figures 4a, b and c, we plot the low frequency electric field spectra observed

by the WFA in the frequency range 0 - 448 Hz, as well as high frequency electric field

spectra observed by the PFR {0.57 - 35 kHz), during I- or 2-minute intervals containing

the times of the FES events. The dotted lines correspond to the instrumental threshold

of WFA. The prominent spectral peaks at --, 10 kHz correspond to Langmuir waves, and

weak spectral enhancements at ,_ 100 Hz correspond to ion acoustic waves.

in the following sections, we examine whether the prominent broad central

peaks are quasi-stable Langmuir envelope solitons and discuss their possible

generation mechanisms. We discuss briefly whether the observed electric field spectral

enhancements at low frequencies during the intense Langmuir wave envelopes are due to

the coexistence of the electrostatic decay" (weak turbulence) and modulational instability

(strong turbulence) processes in some of the type [[[ burst source regions.

3. Modulational Instability and Langmuir Envelope Solitons

•x,','gh'cting the nlagm't[c field, t,[w ([i._p+:r'siotl r,'laliotl of [,attgmttiv wav_,s can [>_'

v..'rit t,,t_ as:

P

= + it)

wh<'re, +"r, is thc elcctt'on thermal speed. Wlwt, ller the b<'atlt excited Langmuir waw,

t>ack_'t:s broaden due to dispersion (weak turlml+mc<, process<,s), or, shrink due t+o

l>tm,th'x't>tllol+ive elf<Pet.'.+, in ¢l_'tt't'tltitl,:,_l by a thr,'sl_,+hl (lwgh'ctirlg ,li.'+.'+i[:_ati,otl) [5'agd,+'c,



L!);'!): ._'h.apiro and .%ev_'hcnk'o. 198.1j"

W_h -,, 3(A&A_)_,

where &kL is the average spread in wave numbers of the Langmuir wave packet. This

is related to the typical values of the velocity dispersion in the beam, '.Avb, and the

observed number of linear growth times. ,V, of Langmuir waves before onset of the

modulational instability as [cf. Lin et al. 1986]:

AkL Avb In 2

kL Vb 2N (3)

N, the number of linear growth times can be estimated from N __ In p, where p is ratio of

the peak electric field amplitude of the broad peak (Figure 2) to the thermal background

which is approximately an order of magnitude lower than the instrumental background.

Here. we note that no self-consistent procedure is available for incorporating the

collisionless dissipation in the threshold criterion (2), however, it is most likely that

the dissipation processes slightly increase the modulational instability thresholds in

comparison to those estimates obtained from Eqn (2). In the present case, the observed

ral;io of p "-., 10 a corresponds to Y; --- 7. So, for A_:_/c_ = 0.1.5 [Linet al. 1986] and

.V .--, 7. we obtain AkL/kt, " 7 x I0 -a. For typical beam speeds, cb ",- 6 × 10 r ms -t

[Erg_,n et al.. 1998], and the observed values of the electron plasma frequencies fp,

(Fable I). we obtain kt. _,=,,,_/cb---- 1.'2 x l0 -_ m -t, .--, l.l x l0 -:3 m -t and ,--, l.l x 10 -_

ttl -l, for the Decenlber 1[. February "2'2. and Mar,'h 7 type /I[ ('v,,llls. respectively. '['h,'

correspot_diug wavehmgt, hs ar(' "\L _ 2,'r/kl. " 5, 5.7 au,I 5.7 ktl_. (siug th(' (,sritna.t.e,I

va.lltes of AkL/kt, _- 7 × [0 -:_, we find Akl. ", 8..1 :< 10-'; IZl-I "-- 7.7 × 10-'; ¢ll -a

" 7.7 X 10 -'_ m -t for tim three events. 'i'l,e ol)s(,,'ved values of l)ebye lengths (A/9)

('orresponditlg to these events are 17, 17 and 13 meters (see, Table |). By using these

val,,,s of AA'/. and AI), the nm_lt,lational instability threshold H,'th/(tz,.'/;..) is estilllal, e(I

a.s --, (5 x l0 -a, 5 × L0-a a.ad 5 × l() -n for the tltt'(,e (,veuts. [h're, we ttol,(, l;[|it(, (,he iuitial
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IJ(';-LIH _'Xcil, orl La, tl_llllJir _,v_v(:' llelHlb_'l'.',; _ti'e _:[,,'_D < (:#l,:/#tt,,) l/Jo #tIl(l tll_' ¢;or[_'sl)(JnCJing

group speeds are I,_ = 3(kLAD)OT_ " ,,, (0.04 --O.06)[,'T, "., c,. where rn,. and rn, are the

electron and ion masses, and Vr, and c, are the electron thermal speed and ion acoustic

speed, respecti rely.

From Table 2, it is clear that the observed normalized peak energy densities

_t'L/(n,T,.) significantly exceed the modulational instability thresholds. This implies

that the ponderomotive force effects that drive the modulational instability are stronger

than dispersive effects. The ponderomotive force arises from spatial gradients in wave

intensity which affects both electrons and ions equally causing them to move toward

the intensity minima, thus forming a ripple, 8n,, in the plasma density. The waves get

trapped in those regions where the density is low because, from the Langmuir wave

dispersion relation, waves with large kL exist only where -:pc is small. The wave trapping

further enhances the intensity in the regions where it was already high, thus causing a

ripple in the envelope to grow. For the modulational instability to occur, it is essential

that the nonlinear frequency shift (iWL, responsible for the shrinkage of the wave packet,

should have a sign opposite that of the group dispersion dcJdkL which tends to spread

the wave packet. Thus. after the modulational instability has grown somewhat, the

Langmuir wave electric fields in real space consist of wave packets with group speeds less

than --, c,. These wave packets will begin evolving into a series of Langmuir envelope

solitons with group speeds less than .,, c, [Degt!larev..Vakhan'L'oc attd R,daL'o_.'. 197 l:

.V,'bol.,on _'t al.. 1._)7S].

3.1 Envelope Solitons in an Unmagnetized Plasma

The set of equations describing the rnodiila.tiolla.l iIl.,_f,al_ility processes, wltich

inclttde envelope soliton formation are the well-known Zakha.rov equations [Z_ekhxLrov,

1!)72J. which, iii one _lilliellsioli, take the' fi)l'tli
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OE O_E

_'_r + Oz 2 nE

0'2n 02n O'_IE_ I

(4)

(.5)

Here we use the dimensionless variables defined by Nicholson [1983]:

_ .y,T_+;,r,
rt - T_

_ 277 me
r _ "topet

3 mi

2 (rlm_)'12 z___
z = 3_,mi/ AD

77 _,64-'_n, T, .]

_/2

(6)

(T)

(s)

(9)

(lo)

where 2_ and 7i are the specific heat ratios of electrons and ions. respectively. The

solutions of equations (4) and (.5) can be found in terms of envelope solitons moving with

constant speeds V < I,_, where I.._ is the group velocity of the Langmuir waves. Several

attthors [see. Rudakot,. 1973: h'iagsep. R_tdakof and Sudan. 1.973: .Vishikawa, Hojo and

.Wina, 1974: Scharnel. Yh and Shukla. 1977: Auznet.sov, Rubenchik and Zakharov, I9861

have obtained the envelope soliton solutions by solving equations (4) and (5) under

different approximations. These authors either have neglected the ion temperatures.

i.e'., T, -,_ 0. or have solved the nonlinear Schrodinge/" equation (obtained by neglecting

the' first term in eqltation (,5)) for stationary solitons. In this i)ap_'r, our motivation is to

ol)l, ain the, soliton solutions for t'_'alistic solm" wind conditions and COml)ar_: th_;zn with

observations. The 3,1ach number of the, c'nvelop_, soliton is dc'lim:'d as:

M = --, ( t t)
(--'11

wh,'re tlto ion sottnd speed c, is d¢'fim'd its:

(12)
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Wit, ho_tt loss of generality, one can take -/_ = 1 and "h = 5/2.

The solutions ['or equations (4) and (.5) can be written as:

E = E(_)exp(-i_(r,_)) (13)

n = n(_), (14)

where sx = z - Mr and 0 is the phase of the envelope• Because. these are the solutions

of solitons moving with constant speeds I/', the variables E and n depend only on

(z - Mr) but not on the spatial coordinate, z and time, r, separately. Equation (4) can

be separated into imaginary and real parts:

OE f 02¢ ,) OE O¢]
-M--_-.- + [E'_- + 2--_._.-j = o (1.5)

and

-E - I =hE.
/,From equation (15). the phase of the envelope can be obtained as:

(16)

?)_ - b) 9. + . I -..t/: (19)

13y integrating once. this equation becomes:

0_j =-E: _+T +2(tZ_t2) •

Writing E(() = G,,(_ ¢) and

•1/: /,'g

_:_= l 2( i - MZ) ' (21)

where 12 is some constant frequency. By" using O21Or 2 --+ MO2/d( 2 and/)_/0:2 ---+02/0_ "_

in equation (5), we obtain

Ea

n = - I - ,'1,I_" (tS)

By substituting n and cO(r,_) fi'om equations ([8) and (17) in equation (16). one obtains:

(20)

M_
o(_, _) = -n,- + '-5-' (1 r)
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_,quathm (20)become_

where Eo is the normalized peak intensity of the envelope, and e(() is some auxiliary

function. By making the change of variables

¢ V/2(1- M2)(,= f2:3)
Eo

equation (22) becomes

The solution of this equation, which decreases as _' -+ -t-oo can be written as [ Tsytovich,

1995]:

e = cosh -l (. (25)

Changing back to the original variables (equation 23), equation E(() =

E0e(s ¢) exp (-i¢(r, so)) becomes

E0_ exp-i (_ - f/r). (26)
E = Eo cosh -l V/2( l _ :142)

l;sing equations (6) -(t0), this soliton solution can be expressed as

EL = Et'°c°sh-l (x- l/t) c°s(wvt-k°x)'"S ' (27)

where Ec is the anaplitude of the envelope and ELo is its peak amplitude. These

,'nvelope solitous can be stable for soliton speeds t. < ([/v/._)c, [see, Vladimivov _t ctl..

1995 t.

Let us discuss the significance of each te.rm in expression (27) in the light of the

present observations. For example, WN is the nottliaear fi'equency shift, which is related

Io l,he observable parameters _,_:

_1,, ,i i r .

M " q rn,: H't.

"2 :| m., _... I,
(2S)
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l"c,r,.nv,.I,_p,:solitons with specd_L -.. L_. the nonlinear frt,q,u:ttcy shift bcco.,,,s:

--= k A 8n_ l". '
"_ pe

(29)

i.e., the nonlinear frequency shift w v is due to the dispersion (first term in (29)) as well

as the ponderomotive effects (second term in (29)). These two effects oppose each other.

i.e., have opposite signs. These types of nonlinear frequency shifts are very difficult to

measure because they are too small (for example, in the case of a stationary solitons

with M --* O, WN/Wv_ _-- -I/VL/8neT,, which is _ 10 -s for the events of the present

study). The central wave number of the envelope soliton k0 (equation 27) is defined as

ko= T m,{/: aT' (30)

i.e., ko " kL for V = _q. The soliton width S is related to normalized peak energy as

(equation (26)):

[ 3r/ n,T_] '/_S=
_ 1 "-._'I 2 W'L J AD. (31)

i.e., S _x Ao (I'VL/ncT¢) -t/_. This relationship between the soliton width and the

peak energy density can be observationally verified. For example, in Table 2. the

observed values of H"L/(n_T¢) and the 0.2-power widths L0.: of the broad peaks are

given, [n Figure 3 we plot; the measured 0.2-power width of the broad peaks Lo.2 versus

(W_/n,. T_) I/_, which shows that higher the ( H,_/n,T_)l/;, narrower the width L0.2.

We calculate the correlation coefficieat between these observed quantities as _ 0.9.

['lttts. the ol)servations agree v,'_'v well with the exl)ect.e_[ scaling ['of Langm,tir etlvelope

solit,ms (eqttatio. :ll). This itttpli¢'s that t,he i,attgat_lir wave [)ttl'sls capr,.tt'¢:d by I,h_'

1"I".5 inst.rttmettt are most, pvol)ahly th,' fiehls trapped ittside _he seli'-getteral.t;d dellsitv

cavities.

We can also compute the predicted widths of envelolu' solitons .sing equation

(31), sim'e all the quantities on the right hattd si,h' (l{llS)are uwasltrcd except I,l,,'

M,u'h utttul)er M, which can he takm_ as --, I/v'_ corresl>omliug to the stable f,anglltltir
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given in Table 2, we obtain q = ("r,T,. + v,T,)/T, ,',+2.25, 1.33 and -,+ l.:17, for December

1l. ["ebruary 2"2, and March 7 events, respectively, where we have assumed 7_ = l

and 7, = 5/2. We denote the envelope soliton width, where the field is 0.2EL0 as

,-_,0.2. Therefore, from equations (26) and (27), we obtain cosh (,5o.2/b) = 0.2 for

(S0._/::,') = 2.29. i.e., for t = 0 and .r -,+ S0.2. By using this, we can write the 0.2-power

width of the envelope soliton as:

( rP neT_ '/_So._ "- 4 1 - M s l,l'k ] Ao. (32)

Thus, we obtain: So._ "_ 6.7 (neT,/WL)_/_ Ao, "-" 5.1(n_T_/WL)'/2 AD, and --,

5.2 (n¢Te/14"L) 1/_ Ao, for type III events of December, February and March, respectively,

where we have used ,l,I = L"/c, -_ l/v/-5. Using (WL/n¢T_) and AD from Tables 2 and

1, we estimate the expected values of 0.2-power widths of envelope solitons So.2. The

results are shown in Table '2 where the predicted value So._ as well as the measured

value Lo.2, are included. The So._ and Lo._ agree remarkably well, except, perhaps, for

the second FES event of December 11 and first FES event of March 7 type IIl bursts.

From Fig. 3. one can see that these two points lie well below the fitted line.

Using L0.2 and the wavelengths of the Langmuir waves, we can also estimate

the number of Langmuir waves trapped inside these envelope solitons. For example,

the envelopes of December t t contain 5. :l att<l -1 Langmttir waves: the _'ebt'ttat'y "2"2

<'ttv<,lopes cotttaitl :+ at_( :3 waves: atld t.h," Y.lat'_'h 7 <'tt,.<'lopt'.,+ _'otllaitl "2. [. "2 an_l '2 wa.v_".,+.

t'<'sl_rctively, lu t.t'ruls of Debye lengths, -\t). tilt- widths of _,nvelt>pcs of I)_'_t,tltl><rt' It.

I"t'brlt+trv "2"2a.ud March 7 are equal to 1320, 790, 12:+(), It60, t60. ?t0. -t80. 830 att+l 730.

r_'.'+p+'ctively. Thus, we conclude that the obs_;rved I>t'oad licld structures are Laagnmir

<mvelope solitons becattse the measured spatial scales are ia excellent agreement with

l,h_, I>r<'dicw<l wi_lt.hs, .';'u.a alt<l b<'caus<, of a_ e'x<'<'lh'Ht <'t>t'r_'latioll I>_'l.w<'_rli th<, Lo.a an<l

(_, 1;./I,_'l. )t/.,, a.,+¢,xl>t,cl;<,_l for C,llvelop<, solit_ms.
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3.2 Langmuir Solitons in a Weakly Magnetized Plasma

In the case of type [ll bursts, although the ambient magnetic field B is very weak,

it guides the electron beam from inner solar atmosphere to several AU in the solar

wind, thus the beam velocity v_ is almost parallel to the ambient magnetic field, /_. The

weak magnetic field also determines the evolution of the beam excited Langmuir wave

spectrum, which is forward peaked with a growth rate of (Kaplan and Tsytovich, 1973):

7b/Wpe = nb/n,(Vb/AVb) 2 COS0, where nb and ne are the electron densities of the beam

and the ambient plasma, respectively, vb is the beam speed, Avb is the spread in the

beam speed and 0 is the angle between v_ and k_. Since this growth peaks at 0 --, 0, the

initial spectrum of beam excited Langmuir waves is one-dimensional in nature.

When the ambient magnetic field is taken into account, the dispersion relation of

Langmuir waves becomes:

32 _COL -" cOpe 1 -b _kLAOe -4-
fl_ /¢_ '_ (33)

•, ,2 kp.1'.,,a,. p_

where k_. is the component of the wave vector perpendicular to the ambient magnetic

field. In the static approximation, the envelope equation for the amplitude of the

magnetized Langmuir waves in dimensionless variables has the form [Dysthe et al..

1978]:

ell_- _ + _+e±_± ff_+ : _ =0. (34)

where _ is the envelope of Laagmuir waves, ¢11= l - _: and _. = [ - _ By a

t_lltlwrit'al m¢'tho41, a "[)mwake' shape_l solil,o_l _vlllmetric arotlnd an axis parallel t.o/_ i._

5>_111¢[fi)r this equatiolt by Pelviashvili [t! 75I. lh, has showzt th++t, the thi<'kttess of this

sotiton is:

S = Ao/(WLIn,'I'+) tl'', (35)

wlwr_'as the radius of tlw pancake is

.,,_.= .s'(_,+/_.,.I(.','/._,). (36)
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2 2 2 2
I'hl_n. in the, oarly stag_, ofsoliton forlnat.ion, as long an O.,,/_t, ,. >> kLAt), ttu' traasverse

dimensions of the pancake-like solitons (_,g'_.) are much larger than _,he longitudinal ones

(S). forming highl 7 anisotropic, elongated, dipole field structures. Dysthe el al [1978]

have found an analytical one-dimensional soliton (planar) for equation (34) as:

[WL/(n_T_) + 2ql
Ea=Ea0sech S -l z+z_, _1

(37)

where S is the thickness of the pancake as given by equation (35), the local magnetic

field is assumed to directed along z-axis. The stability of these solitons against the

transverse perturbations has been studied By several authors [Rowland, 1985; Kuznetsov,

Rubenchik and Zakharov, 1986; Hadzievski et al., 1990; Hadzievski and Skoric, 1991].

The linear growth rate of the soliton instability is [A'uznetsov, Rubenchik and Zakhavov,

1986; Hadzievski et al., 1990]:

= ' I ] '
_I_,_ t--_ .- 7_-I:3)]-_(:3) k.Av. (3S)- ._,j

where _(x) = _,_n -= is Riemann's zeta function. This shows that a strong enough

magnetic field B with

> 0,43_ (:39)
• ,2 t] e m__
k4" Re

can stabilize the linear instability. However, Hadcieuski et al [1990] have shown that

the instability reappears if one takes into account the next, term in the expansion in

_ransverse wave numbers k,L, and Langmuir collapse will ensue.

..ks discussed l)v Ava._no_cL_kikh amt ,';ol,.ikov [197"7], even though for Q,,/_"I,_ > >

I,:1.,\1). t.lw t.ransverse dimension of thv t)lan_lr solit.on ,5'j. is larg_'r than tim hmgitu_linal

_)ll_' S. and S_. will de(:reas(, rapidly ill cOtnl)arisotl witli 5,', itnl, il the solitozls b(.'colm"

isotropic. Thus, the Fast Envelope Samplor appears to cal)ture th¢, solitons at this

isotropic stage of their evolution when k[,,_o is approaching fL./_'_,,, and the solitons

_.volw' illCh,l_¢,ndently of the' local nlagnet, ic field. These solitons silould collapse,

¢'W'iitiia.l[y. These ohserval;iOll.S do ilol, coil[irnl th(' ._illlillatioll i'_'slill:s of lladzievski _'t ,tl.
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[19!)l)]. which showed tltat t,he form of the, cavities ,ut<l t.rapp_'<l ,'u_'rgy ,l,'p<'tl<l oil the

magnetic field strength.

If the soliton conserved energy, A'rasno._elskikh arzd Sotnikor, [1977J showed that

they could not construct a self-similar solution to collapse in a magnetic field. If the

soliton radiated away the electrostatic energy, however, they could get such a solution.

Rowland [1985], using computer simulations, showed that if I4"c/(%T_) < (_¢/_p_)2

planar solitons with a finite transverse scale would radiate the wave energy before

collapsing. This agreed with the earlier theory of Krasnoselskikh and Sotnikov [19771.

This process is termed as weak collapse by Kuznetsov and Turitsyn [1990] and Hadzievski

et al [1990f When the most of the energy is absorbed by the electrons, the collapse

process is called strong collapse [A'uznetsov, 19961.

4. Discussion

We have analyzed the --, 1 millisecond observations of the Langmuir waves which

form broad intense peaks with spatial scales ranging from 480 to 1320 Ao. Our

analysis indicates that the peak intensities of these envelopes exceed the threshold for

modulational or OTSI instabilities. The widths of these broad Langmuir field structures

correlate well with (n_T_/l,l,'L)l/_, as expected for envelope solitons. This implies that

the density cavities associated with these, solitons are most probably generated by the

[.atlgmttir waves themselvesdtle to their ponch,romotive for(:e. The predicted widths of

_'tkvelol_e solirotls ci_Iculate<l usiug th(- ol)s(,rved iut_'nsil.i(,.s of the broacl Lar_gltt_ir fielcl

_tr,wt.,tres agree remarkably well with t.he ol)._erv+'<l wi,lth._. These tindirtgs strongly

silggest that the broad Laagnmir wave pe+tks correspon([ to <'tlv_,h)p<, solit+ons generated

bv the, nto<ltllational or oscillating two stream instabiliti++._. This intplic'._ l,hat strong

ttlrbulet,ce processes play a significant ,'ole in the stabilization oI" the <+h'ctron beams

wlti<'h g<'twral.<' l.h_, l+angnl_tir waw,s.

l_ earlier work [7"h,j_q_pa el al., l!l!):la], w,, _li.4<:_,ss<:<ltlt,' r,)l<' _l' t.lw <'h'cl.r_sl:_tl, ic
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,h','_w irlst,a.bility which is a w,,'ak tlxrbfLhmce pro,r:es,,., izJ the d_'v,:lopazi_'llt of typo III

b_u'st.s. During this process, the beam-excited Langmuir waves are expected to decay

into daughter Langmuir waves and ion acoustic waves. As shown in 777,ejappa et al.,

[1993a], the threshold condition for electrostatic decay is satisfied for all broad peaks

shown in Figure '2, implying that this process should co-exist with strong turbulence

processes in the source regions of some of the type [[I events. One can estimate the

maximum possible Doppler-shifted frequencies f, for the daughter ion acoustic waves

by using the relation: f, _ k,(V,,,, + c,)/(2a'), where k, "_ 2kt. is the wave number of

the ion acoustic waves. Using the observed values of I¢_,0, c, and kt, (see, Table 1), we

obtain the predicted values for f, as 99.3 Hz, 69.2 Hz, and 86 Hz for the Dec. 11, Feb.

"2"2and March 7 events, respectively. One can also estimate the expected ion acoustic

electric field values, E,, by using the energy conservation arguments. In the present

case. E, values lie in the range (1.4 - 3.8) x l0 -s Vm -I. (5.3 - 6.7) x l0 -6 Vm -I and

(0.9 - 2.7) x 10 -5 Vm -I for the events of Dec. 11. Feb. 2"2, and March 7. In our previous

study', we failed to find any electric field enhancements which might correspond to these

predicted ion acoustic wave signals. We therefore concluded that although threshold

conditions we/'e satisfied, the electrostatic decay" p,'ocess was not evident.

In this study, rather than using the time profiles as in Thejappa et al. /1993a].

we analyzed the spectral data of peak electric fields obtained by the WFA during 1

to 2 minute intervals covering the FES events. In Figures -la. b and c, we present tile

hm" frequency electric field spectra from WF.\ as well as th,' high fre_l_l_mcy sp,'ctra

fi',_l_ the PI:I{. It, is clear from these plots t.hat for IlIOst, of the c_scs, the low [t'eqll_'tlcv

_'[,'ct ric field spectra show weak etlham'emcrtt:s _tt. -.- 100 [[z coilwideut with the passage

of irmdltl_tiomtlly unstable solitous. We illterl)ret these silllllltitll('OtLS OCCLIrl'C_IIC('Sof lOW

frequency electric field signals and Langrnt, ir waw,s as evidence of the coexistet,cc of

1,_'('at]( _.l.lld S|.l'(Jllg ttlrbll]('ll('_,' pl'o('esses ill th[' type l l[ bt,rst source ,'egion ['l'h,.j,,pp,L ,l,_,l

.ll,l,'l)o,t,atl, 19981. This sulggests that during some type Ill events tile elet:trosta.l.ic ,I,'cav



20

in_tabilityc_tnrertlov(,l,angmuir w+tv+,_fz'o_t_z'('norlazt<<'with qq_'<t.rotlb_'+u_i.,_,l'lJish'ad.';

to the accumulation of Langmuir waves at long wavelengths, forming the so-called weak

turbulence Langmuir condensate, which eventually becomes modulationally unstable.

There are at least two reasons for not detecting low frequency wave enhancements in

association with solitons for some of the events. First, the size of the solitons is < 40 kin,

well below the coherence length of v_/'/r. > [000 kin. Therefore, the resonances required

by weak turbulence processes cannot occur. Second, the threshold for electrostatic decay

is at least two orders of magnitude greater than that for modulational instability (see

Sec. 4), thus electrostatic decay should not be excited, at least until the modulational

instability has saturated.

High frequency ion acoustic-like waves [Gurnett and Frank. 1978] can play the role of

small scale (k, >> kL) density fluctuations: which can cause the nonresonant anomalous

absorption of Langmuir waves due to scattering [Goldman and DuBois, 1982: Russell

and Goldman, 1983]. This can also stabilize the electron beam. The observed lack of

high frequency ion acoustic-like noise between 0.,5 to 3 kHz during intervals of intense

Langmuir wave activity was interpreted in terms of this process. As shown previously

[Thejappa et al. 1993a]. the ion acoustic-like waves are not associated preferentially with

Langmuir waves, i.e., Langmuir wave growth is not suppressed by scattering on density

fluctuations associated with high frequency ion acoustic-like waves. This implies that

anomalous scattering of Langrnuir waves by small scale density fl_.'tuations is prol)ably

.ot a _+ignil-icant stabiliza.t:ion rtwchanisrn for type Ill bltr'.qt ('×(it¢'r_+

5. Conclusions

l!sing [rlv._ses dat;-t from the [rR:\l:_ <+'Xl)m'ittt<.+tlt w<, ha.v<' l)t'<'st'ttt, o<l obs<+'rv;-ttional

('vid('twe for the Langmuir ettvelope solitorts, generated by the tttodttlatiott+t[ instal)ilitv

or ()T,q[ in tit<' sour<'(, regiotts or sola, r typ<, [11 ra(lio I)urst, s. The' high l,ittl<' t'<'.,+olttt.ion

oh.,q('rva.l.i<.)tls .,.dlOW that the type 111 a.,+so<'i;tt_:(I [,;,tllglllttir wi'tv<,s o<'¢ttr a.,.; I)roa([ illt('tlSt'
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p,'akswith tim(,scales ranging fi'(>m13 - 91)r11.,_(,_(l.ivah'llt,t,(>t,h_.sl_at.ialscah'.,_uF

(i- 27 kin). We have identifiedt,he broad peaks as Langmuir envelope solitons based on:

(i) I,I,'t,/n_T_ of the broad Langmuir peaks are well above the modulational instability

threshold of ,-, 10-s, (2) the spatial scales of these localized field structures, which

range from I to 5 Langmuir wavelengths, show a high degree of inverse correlation with

(I,i,'L/n_T¢) 1/2, as expected of envelope solitons, and (3) the observed widths of these

broad peaks agree very well with the predicted widths of envelope solitons calculated

using the observed values WL/n,T, and other solar wind parameters. These observations

support the view that strong turbulence processes, namely the modulational instability

or OTSI, are the means by which some of the type III electron beams are stabilized.

In some cases, low frequency electric fields show weak spectral enhancements at

--, 100 Hz. perhaps corresponding to long wavelength ion acoustic waves. The close

association of these waves with the modulationally unstable Langmuir solitons, indicate

that the electrostatic decay instability coexists with the modulational instability in

certain type III burst source regions.
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Figure 1. Time protiles of the electric {ield componeats corresponding to t.he h_Lcmonh: and

fundamental local type [|! solar radio bursts and the corresponding Langmuir waves. The

columns I, 2 and 3 correspond to 1! December 1990, 22 February [.99! and 7 March 199£,

respectively. The first and second rows correspond to type Ill bursts at second harmonic

and the fundamental of the electron plasma frequency, J'p_, and the third row corresponds to

Langmuir waves.

Figure 2. High time resolution observations of Langmuir waves observed during the type [II

burst events of (a) 11 December 1990, (b) 22 February 1991, and (c) 7 March 1991. These

measurements were taken with a wide band (6-60 kHz) filter, and 1.12 msec time resolution.

The enhanced background level after about 600 ms in many of the panels was caused by the

switch-on of the 32 dB attenuator. Narrow intense spikes observed on top of the central broad

peaks of the Dec. 11 and March 7 events have been removed from the data. The broad central

peaks seen on all three days satisfy the conditions expected of envelope solitons.

Figure 3. Observed 0.2-power width Lo.2 of the broad FES peaks versus (n_T_)/WL) t/2. Here

the L0.2 is calculated using the relation. Lo.2 = to.2 × I_,,_, where to.2 is the 0.2-power duration of

the broad peaks and V,_, is the solar wind speed as given in Table l, n¢ and T_ are the electron

density and temperatures, respectively and Wr. is the peak energy density of the broad FES

peaks. The correlation coefficient in this case is 0.9.

Figure 4. Spectral plots of electric fields observed by the WFA and PFR during I- or 2-minute

intervals covering the high time resolution snapshots of Fig. 2. The dotted line corresponds to

instrumental threshold. The spectral peak in these figures at _,- 104 Hz corresponds to Langmuir

W/I, VeS.
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Table I. S,,mmary of the observed solar wind parameters duri,,gt.hety{)eIf!

eventsof the presentstudy. Co{. Igives the date of type Illevent;col. 2,the ob-

servedelectrondensity,nc in m -s,co{.3, the observed electronplasma frequency.

yrp,.in kHx, col.4, the observed magnetic field,B in unitsof nT, co{..5,(O_/_pe)2,

where Oc and uJpeare the electroncyclotron and e{ectronp{a.smafrequencies,re-

spectively,col. 6, the average electrontemperature, T¢, co{. i",the average ion

temperature,Ti,col.8,the Debye {ength AD in meters,co{.9 gives the so}arwind

speed,V,w in kin/s,and col.I0 _ves the sound speed, c, inkm/s.

Event ne f_ B ({2,/_0_)_ Te T/ AD V_,u c_

Dec. II 1.7x l0s 11.6 6 2x 10-4 10s 5x 104 17 382 45

Feb. 22 1.3× l0s 10.2 2 3× I0-s 7.6x 104 104 17 310 30

_[arch7 1.3× 106 10.2 2 3× I0-s 4.7× 104 7× 103 13 401 21
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Table 2. Summary of the high time resolution observations of Langmuir waves.

Here EL is the observed peak electric field corresponding to the broad central

peaks in units of V/m and WL,/(n¢T¢) are the corresponding normalized energy

densities. The to.2 is the measured 0.2-power duration of the broad central peak in

units of ms and the Lo.2 is the corresponding width, calculated using the formula:

Lo._ = to.2 x V_,_. where _;,_ is the solar wind speed as given in Table 2. The col.

(3-6) correspond to the respective FES events of the present study. The So.s is

the predicted spatial scale of the envelope soliton

Dec. 11, 1990

Feb. 22, 1991

*far 7. 1991

EL (V/m) 3.3x10 -3 3.2x10 -3 3.3x10 -3

2xlO -s 1.9x 10 -s 2x I0 -s
_=Tc

to.2 (ms) 58.4 35.1 54.5

Lo.2 (kin) 22.3 13.4 20.8

So.2 (kin) 21.2 21.8 21.2

EL V/m 2.3 x 10 -3 1.8 x 10 -3

1.7 x I0 -s 1.0 x 10 -5

to._ (ms) 62.3 85.7

Lo.2 (kin) 19.3 26.6

So.2 (kin) 22.7 29.6

EL Vim 2.3 × 10 -3 4.6 × 10 -3 3 × 10 -3 3.4 × 10 -3

2.8 i0 -_ 1.0 10 -4 4.7 10 -s 6 10 -s× X × X

to._ (ms) 2:3.4 15.6 27.3 "23.4

[,_),) (kin) 9. I 6.3 [().9 9.6

So., (kin) 12.97 6.9 lO.OI S.9
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Width Lo.2 .vs. (n°To/W_) _/"of the Broad FES Peaks
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